I. Regulation and activity of secretory leukoprotease inhibitor (SLPI) is altered in smokers. Am J Physiol Lung Cell Mol Physiol 306: L269 -L276, 2014. First published November 27, 2013 doi:10.1152/ajplung.00290.2013.-A hallmark of cigarette smoking is a shift in the protease/antiprotease balance, in favor of protease activity. However, it has recently been shown that smokers have increased expression of a key antiprotease, secretory leukoprotease inhibitor (SLPI), yet the mechanisms involved in SLPI transcriptional regulation and functional activity of SLPI remain unclear. We examined SLPI mRNA and protein secretion in differentiated nasal epithelial cells (NECs) and nasal lavage fluid (NLF) from nonsmokers and smokers and demonstrated that SLPI expression is increased in NECs and NLF from smokers. Transcriptional regulation of SLPI expression was confirmed using SLPI promoter reporter assays followed by chromatin immunoprecipitation. The role of STAT1 in regulating SLPI expression was further elucidated using WT and stat1 Ϫ/Ϫ mice. Our data demonstrate that STAT1 regulates SLPI transcription in epithelial cells and slpi protein in the lungs of mice. Additionally, we reveal that NECs from smokers have increased STAT1 mRNA/protein expression. Finally, we demonstrate that SLPI contained in the nasal mucosa of smokers is proteolytically cleaved but retains functional activity against neutrophil elastase. These results demonstrate that smoking enhances expression of SLPI in NECs in vitro and in vivo, and that this response is regulated by STAT1. In addition, despite posttranslational cleavage of SLPI, antiprotease activity against neutrophil elastase is enhanced in smokers. Together, our findings show that SLPI regulation and activity is altered in the nasal mucosa of smokers, which could have broad implications in the context of respiratory inflammation and infection. cigarette smoking; epithelial cells; antiprotease CIGARETTE SMOKING IS A SIGNIFICANT public health burden and has been linked with various cancers, heart disease, infection, and respiratory pathologies (15, 32) . Each year in the United States, cigarette smoking results in more than $100 billion lost to cover healthcare and indirect costs (11). In the context of the respiratory mucosa, a hallmark of cigarette smoking is a shift in protease/antiprotease balance, in favor of protease expression and activity, resulting in increased inflammation and pathology (1, 14, 28, 43, 47, 53) . As a potential balance to the increased protease expression and activity, recent studies indicate that a key antiprotease secretory leukoprotease inhibitor (SLPI) is elevated in smokers compared with nonsmokers (8). Moreover, in patients with chronic obstructive pulmonary disease (COPD) and in patients with COPD and secondary bacterial infection, SLPI levels are elevated in the respiratory tract (23, 29) . However, the mechanisms mediating this induction of SLPI in the respiratory tract of smokers and patients with COPD are not known.
-A hallmark of cigarette smoking is a shift in the protease/antiprotease balance, in favor of protease activity. However, it has recently been shown that smokers have increased expression of a key antiprotease, secretory leukoprotease inhibitor (SLPI), yet the mechanisms involved in SLPI transcriptional regulation and functional activity of SLPI remain unclear. We examined SLPI mRNA and protein secretion in differentiated nasal epithelial cells (NECs) and nasal lavage fluid (NLF) from nonsmokers and smokers and demonstrated that SLPI expression is increased in NECs and NLF from smokers. Transcriptional regulation of SLPI expression was confirmed using SLPI promoter reporter assays followed by chromatin immunoprecipitation. The role of STAT1 in regulating SLPI expression was further elucidated using WT and stat1 Ϫ/Ϫ mice. Our data demonstrate that STAT1 regulates SLPI transcription in epithelial cells and slpi protein in the lungs of mice. Additionally, we reveal that NECs from smokers have increased STAT1 mRNA/protein expression. Finally, we demonstrate that SLPI contained in the nasal mucosa of smokers is proteolytically cleaved but retains functional activity against neutrophil elastase. These results demonstrate that smoking enhances expression of SLPI in NECs in vitro and in vivo, and that this response is regulated by STAT1. In addition, despite posttranslational cleavage of SLPI, antiprotease activity against neutrophil elastase is enhanced in smokers. Together, our findings show that SLPI regulation and activity is altered in the nasal mucosa of smokers, which could have broad implications in the context of respiratory inflammation and infection. cigarette smoking; epithelial cells; antiprotease CIGARETTE SMOKING IS A SIGNIFICANT public health burden and has been linked with various cancers, heart disease, infection, and respiratory pathologies (15, 32) . Each year in the United States, cigarette smoking results in more than $100 billion lost to cover healthcare and indirect costs (11) . In the context of the respiratory mucosa, a hallmark of cigarette smoking is a shift in protease/antiprotease balance, in favor of protease expression and activity, resulting in increased inflammation and pathology (1, 14, 28, 43, 47, 53) . As a potential balance to the increased protease expression and activity, recent studies indicate that a key antiprotease secretory leukoprotease inhibitor (SLPI) is elevated in smokers compared with nonsmokers (8) . Moreover, in patients with chronic obstructive pulmonary disease (COPD) and in patients with COPD and secondary bacterial infection, SLPI levels are elevated in the respiratory tract (23, 29) . However, the mechanisms mediating this induction of SLPI in the respiratory tract of smokers and patients with COPD are not known.
The SLPI promoter contains many regulatory sites, including interferon-sensitive response element (ISRE) binding sites (49) . Thus transcription factors activated by interferon signaling pathways, such as signal transducers and activators of transcription 1 (STAT1), could be potential regulators of SLPI transcription by binding to ISRE and ISRE-like sites present in the SLPI promoter region. Although STAT1 has not been examined in the context of cigarette smoking, recent studies demonstrate a positive correlation between STAT1 induction and COPD status, as well as elevation of downstream STAT1-dependent genes such as NOS2, suggesting enhanced STAT1 activation and STAT1-dependent regulation of SLPI in smokers (4, 10) .
In addition to transcriptional regulation, extracellular SLPI can be posttranslationally cleaved by respiratory proteases such as cathepsins, matrix metalloproteinases, chymase, and neutrophil elastase (NE), which can dramatically reduce SLPI activity (6, 30, 40, 46) . Because increased protease levels are associated with smoking, this suggests that SLPI is cleaved and less active in smokers (1, 28, 53) . Because cleaved SLPI can be proinflammatory, we believe that examining extracellular SLPI cleavage and activity is important in understanding the pathophysiology associated with smoking (29, 34) .
Investigating differences in innate immune mechanisms in potentially susceptible subpopulations is important in understanding the underlying mechanisms for enhanced pathology and disease. SLPI is a key antiprotease involved in respiratory homeostasis and antimicrobial responses. Understanding the mechanisms that regulate SLPI transcriptional regulation in smokers is important because SLPI is a potent antiprotease in the lung and possesses anti-inflammatory and antimicrobial qualities. On the basis of the presence of ISRE sites in the promoter region of SLPI, we hypothesized that STAT1 may regulate SLPI expression in smokers. Using in vitro and in vivo approaches, we demonstrate that SLPI expression is enhanced in nasal epithelial cells (NECs) from smokers, that the expression of SLPI is regulated by STAT1, and that the proteolytic cleavage of SLPI in smokers does not affect the anti-NE activity.
MATERIALS AND METHODS
Study subjects and nasal lavage fluid collection. Fourteen healthy young adults (9 men, 5 women); 7 nonsmokers (29.2 Ϯ 7.2 yr old) and 7 smokers (27.1 Ϯ 3.3 yr old), as characterized by our previous studies, were recruited to participate in this study (20) . Informed consent was obtained from all subjects and the protocol was approved by the University of North Carolina Biomedical Institutional Review Board. Table 1 describes the demographic and cigarette smoking status of the participants. Nasal lavage was performed as previously described (33) . Nasal lavage fluid (NLF) was filtered, centrifuged, and cell-free NLF supernatants were stored at Ϫ80°C.
Differentiated human NECs and bronchial epithelial cell line. NECs from nonsmoker and smoker volunteers were obtained, expanded, and cultured as described by us previously (33) . Briefly, NECs were obtained from nonsmokers (n ϭ 5) and smokers (n ϭ 5) by sampling the inferior surface of the turbinate with a Rhino-Probe curette (Arlington Scientific, Arlington, TX), which was inserted through a nasoscope. This protocol was approved by the University of North Carolina School of Medicine Institutional Review Board for Biomedical Research. Primary NECs were expanded to passage 2, then plated on collagen-coated filter supports with a 0.4-m pore size (Trans-CLR; Costar, Cambridge, MA). Upon confluency, air liquid interface culture conditions (removal of the apical medium) to promote differentiation was established as described by us previously (34) . We obtained and grew bronchial epithelial cell line, BEAS-2B, as previously described (33) .
Quantitative RT-PCR. Total RNA was extracted using TRIzol. First-strand cDNA synthesis and quantitative RT-PCR (qRT-PCR) were performed using commercially available primers and probes (Applied Biosystems, Life Technologies, Carlsbad, CA) for SLPI, STAT1, and ␤-actin. Gene-specific mRNA levels were normalized to ␤-actin mRNA levels.
Western blotting. Cell lysates and apical washes from NECs and lung homogenates from wild-type (WT) and stat1 Ϫ/Ϫ mice were harvested. In some experiments, 7.5 g of recombinant human SLPI (rhSLPI; R&D, Minneapolis, MN) was incubated with 0.15 U of NE (Enzo Life Sciences, Farmingdale, NY) at 37°C for 30 min prior to analysis by Western blotting. All samples were separated by 15% SDS-PAGE and transferred to nitrocellulose. Proteins were detected using specific antibodies (Santa Cruz, Dallas, TX) to SLPI and STAT1 (1:1,000) or ␤-actin (1:2,000), which served as a loading control. Antigen-antibody complexes were incubated with horseradish peroxidase-conjugated secondary antibody and were detected using chemiluminescence.
SLPI ELISA. NLF was collected as described above and analyzed for SLPI protein using a commercially available ELISA (R&D).
SLPI transcriptional activation. BEAS-2B cells were seeded overnight and transfected using Lipofectamine (Life Technologies) following the manufacturer's suggestions, as previously reported (33) . To measure SLPI transcriptional activation, a plasmid containing luciferase E under the control of the SLPI promoter, containing 1,385 bp of the 5= regulatory region on the porcine SLPI gene, was constructed (41) . Cells were transfected with 1 g of SLPI-Luc and 500 ng of TK-Renilla for 24 h. Cells were treated with 25 M AG490 (Sigma Aldrich, St. Louis, MO), a JAK/STAT inhibitor, for 4 h and/or 1 ng/ml of recombinant human interferon-␥ (IFN-␥; Calbiochem, Billerica, MA) for 2 h. Cell lysates were harvested and subjected to dual luciferase assay (Promega, Madison, WI).
Chromatin immunoprecipitation. BEAS-2B cells were seeded on 10-cm dishes overnight and processed for Chromatin immunoprecipitation (ChIP) using a ChIP-IT Express Kit (Active Motif, Carlsbad, CA). Chromatin was immunoprecipitated with mouse anti-human phospho-STAT1 monoclonal antibody (Cell Signaling, Beverly, MA) or mouse anti-human RNA polymerase II IgG (Active Motif). Antibody-bound protein-DNA complexes were recovered using protein G-coated magnetic beads, and the DNA was analyzed by polymerase chain reaction (PCR). The oligonucleotide primers were designed to amplify the Ϫ500 to Ϫ700 region of the SLPI promoter, which contained a STAT1 binding site and were as follows: 5-CCTGAAC-CCTACTCCAAGCA-3 and 5-AGAAAGACACTTGCCCAGGA-3 (forward and reverse, respectively; 179 bp).
WT and stat1 Ϫ/Ϫ mice. Male WT and stat1 Ϫ/Ϫ knockout (KO) mice bred on a 129S6/Sv/Ev background were purchased (Taconic Laboratories, Germantown, NY). Mice were housed in a climatecontrolled animal care facility and given food and water ad libitum. All aspects of animal care and experimentation described in this study were conducted according to National Institutes of Health guidelines and approved by the North Carolina State University Institutional Animal Care and Use Committee. Mice were euthanized, lungs were harvested, and either flash frozen in liquid nitrogen or fixed with formalin for histological evaluation.
Immunohistochemistry. Formalin-fixed lungs were embedded in paraffin, cut into sections, and prepared as previously described (20) . Slides were incubated with SLPI antibody (1:200; Santa Cruz) followed by incubation with a biotin-labeled anti-rabbit antibody, washed, incubated with avidin-biotin complex, and washed. The signal was then detected with DAB (3,3=-diaminobenzidine), washed, and evaluated under light microscopy.
Anti-NE assay using NLF from nonsmokers and smokers. SLPI activity was measured by examining the ability of SLPI to halt cleavage of NE-specific chromogenic substrate (52) . Briefly, rhNE (3.5 M) was incubated with NLF samples from nonsmokers and smokers for 20 min. After incubation, NE-specific chromogenic substrate (MeOSuc-AAPV-pNA; 20 mM, Sigma) was mixed into each sample and absorbance at 405 nm was measured. No inhibitor was used as a positive control. Anti-NE activity was determined by comparing anti-NE activity of samples to the anti-NE activity of no inhibitor and was expressed as percent activity.
Statistical analysis. Data are presented as means Ϯ SE for normally distributed data. Densitometric quantification was performed using Multi Gauge analysis software (Fuji Film, Tokyo, Japan). MannWhitney tests were used to compare SLPI/STAT1 mRNA, secreted 
RESULTS

NECs from smokers have increased SLPI expression in vitro and in vivo.
Recent data demonstrate that the airways of smokers have increased SLPI expression and secretion, yet the mechanisms mediating this phenomenon remain unclear (23, 29) . To examine SLPI levels in respiratory epithelial cells from nonsmokers and smokers, we used an in vitro model of differentiated primary NECs, as previously described (33) . Intracellular and extracellular secreted SLPI levels were measured in NECs from nonsmokers and smokers. Figure 1 , A-C, reveals that NECs from smokers have increased SLPI mRNA and secreted SLPI protein compared with nonsmokers. These data reveal that at baseline, NECs from smokers express significantly higher levels of SLPI compared with cells from nonsmokers. To confirm and expand our in vitro findings, we collected NLF from nonsmokers and smokers and analyzed it for SLPI proteins levels by ELISA. Figure 1D indicates that SLPI levels are significantly higher in NLF from smokers compared with nonsmokers. These data demonstrate that SLPI mRNA expression and SLPI secretion is increased in the nasal mucosa of smokers in vitro and in vivo.
STAT1 regulates SLPI transcriptional activation and binds to the SLPI promoter. Analyses using the Basic Local Alignment Search Tool (BLAST) revealed that the SLPI promoter contains several ISRE-like and ISRE sites and specifically contains a STAT1 (AGGGCC)-specific binding site, starting at position Ϫ601 of the SLPI promoter. We hypothesized that STAT1 could activate SLPI expression because the SLPI promoter contains ISRE and ISRE-like sites (49) . Exposure of BEAS-2B cells to IFN-␥ increased SLPI transcription, whereas treatment with AG490, a JAK/STAT signaling inhibitor, decreased SLPI transcriptional activation (Fig. 2, A and B) . Transfected cells pretreated with AG490 and exposed to IFN-␥ resulted in significantly lower SLPI promoter activation, despite IFN-␥ exposure (Fig. 2C) . Using ChIP assays, we confirmed phospho-STAT1 binding to the SLPI promoter utilizing oligonucleotide primers that amplified the Ϫ500 to Ϫ700 region of the SLPI promoter, which contained a STAT1 binding site (Fig. 2D) . These data mechanistically confirm that STAT1 regulates SLPI transcriptional activation in bronchial epithelial cells. Stat1 Ϫ/Ϫ mice have decreased SLPI protein expression. Because we show that STAT1 binds to the SLPI promoter, we wanted to further elucidate the significance of this association in vivo. To do so, lungs from 129S6/SvEv (WT) and stat1 Ϫ/Ϫ mice were analyzed by immunohistochemisitry for SLPI expression. As expected, slpi expression was robust in epithelial cells lining the airways of WT mice, and slpi expression was lower in the lungs from stat1 Ϫ/Ϫ mice than those of WT mice (Fig. 3A) . Additionally, lung tissue from WT and stat1 Ϫ/Ϫ mice was homogenized and assayed for slpi protein levels using Western blotting. Lung homogenate from stat1 Ϫ/Ϫ mice had significantly less slpi protein compared with WT mice (Fig. 3, B and C) . These data suggest that STAT1 regulates SLPI levels in the respiratory epithelium in vivo.
NECs from smokers have increased STAT1 mRNA and protein levels. Although elevated STAT1 has not been reported in smokers, downstream STAT1-dependent genes such NOS2 Fig. 1 . SLPI mRNA and protein secretion from in vitro and in vivo samples. A: SLPI mRNA expression was examined by qRT-PCR and normalized to ␤-actin mRNA levels in nasal epithelial cells (NECs) from nonsmokers (NS) and smokers (SM). B and C: apical washes from NEC from NS and SM were normalized to total protein, examined for SLPI protein levels by Western blot, and analyzed by densitometry. In B, samples were run on the same blot but were nonadjacent. The 2 images were spliced together to form the figure as denoted by the black separating line. D: nasal lavage fluid from NS and SM was used to measure secreted SLPI protein by ELISA. n ϭ 5-7 NS and SM. *P Յ 0.05, **P Յ 0.01.
are induced in smokers (10) . Additionally, there is a positive correlation between STAT1 levels and patients with COPD, indicating that STAT1 expression and activation may be elevated in smokers (4). To examine smoking-induced changes in STAT1 expression, mRNA and protein were harvested and analyzed for STAT1 mRNA and protein expression in NECs from nonsmokers and smokers (Fig. 4, A-C) . Our data reveal that at baseline, NECs from smokers had significantly increased STAT1 mRNA and a trend for increased STAT1 protein expression compared with nonsmokers.
Extracellular SLPI protein is cleaved in smokers in vitro and in vivo. It has previously been shown that SLPI can be cleaved by serine and cysteine protease such as cathepsins, matrix metalloproteinase, chymase, and NE (30, 40, 46, 52) . To confirm these studies, we incubated rhSLPI with and without NE and examined SLPI cleavage by Western blotting. We chose NE because it is one of the major proteases elevated in the airways of smokers, and is the main target for the antiprotease activity of SLPI. Figure 5A demonstrates the cleavage pattern of rhSLPI induced by NE. Because smoking is characterized by increased serine and cysteine protease activity, we hypothesized that smokers would have increased cleavage of SLPI (1, 28, 53) . To test this hypothesis, NLF from nonsmokers and smokers was collected, examined for SLPI cleavage by Western blotting, and analyzed using densitometry. Figure 5 , B and C, demonstrates a trend for increased baseline SLPI cleavage in smokers. These data imply that although SLPI expression and secretion is higher in smokers, SLPI activity may be altered due to proteolytic cleavage.
Anti-NE activity of SLPI is maintained despite posttranslational cleavage of SLPI in smokers.
On the basis of our data showing that SLPI is cleaved in smokers, and previous studies demonstrating that SLPI cleavage alters SLPI functional activity, we hypothesized that the functional activity of SLPI may be altered in smokers. We chose to examine SLPI function by evaluating the ability of SLPI to inhibit NE, its main target (26, 48) . To assess total anti-NE capacity, equal NLF volumes from nonsmokers and smokers were incubated with rhNE and an NE-specific chromogenic substrate (MeOSuc-AAPV-pNA; 20 mM). Figure 6 indicates that the increased levels of SLPI observed in smokers were functionally active against NE, despite proteolytic cleavage and processing that was observed in Fig. 5 . Additionally, when the percent activity is normalized to respective SLPI levels, the anti-NE activity remains greater in NLF from smokers (data not shown). We believe it is not possible to conclude that the anti-NE activity in smokers is due to higher SLPI levels or more functionally active SLPI in the NLF. However, we are able to conclude that the SLPI cleavage observed in NLF from smokers does not affect anti-NE activity.
DISCUSSION
Using in vitro and in vivo models, we compared the expression of SLPI in the nasal mucosa of nonsmokers and smokers, examined the transcriptional regulation of SLPI by STAT1, and evaluated the extracellular processing and activity of SLPI in nonsmokers and smokers. Several reports have detailed increased SLPI secretion in smoking-related lung diseases such as COPD, yet the mechanisms mediating this effect remain unclear (8, 23, 29) . We confirm these findings by showing increased SLPI mRNA and protein secretion in NEC and NLF from smokers (Fig. 1 ). We and others had previously reported that SLPI expression is regulated by a variety of transcription factors such as activator protein-1, nuclear factor-B (NF-B), and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (33, 44) . Previous reports and BLAST analysis of the SLPI promoter indicate that there are multiple ISRE and ISRE-like sites located on SLPI promoter, suggesting STAT1-dependent regulation of SLPI expression (35, 49) . Our data indicate that in Fig. 4 . STAT1 mRNA and protein levels in NECs from NS and SM. A: STAT1 mRNA expression was examined by qRT-PCR and normalized to ␤-actin levels in NECs from NS and SM. B and C: intracellular STAT1 protein levels were examined by Western blot and analyzed by densitometry in NECs from NS and SM. In B, samples were run on the same blot but were nonadjacent. The 2 images were spliced together to form the figure as denoted by the black separating line. n ϭ 5 NS and SM. *P Յ 0.05. Fig. 5 . Extracellular posttranslational modification of SLPI. A: rhSLPI was incubated with NE for 30 min and examined for SLPI cleavage by Western blot. B and C: NLF from NS and SM were analyzed for SLPI cleavage products by Western blot and analyzed by densitometry. In B, samples were run on the same blot but were nonadjacent. The 2 images were spliced together to form the figure as denoted by the black separating line. n ϭ 6 -7 NS and SM. the nasal mucosa of smokers, enhanced baseline expression of STAT1 mediates increased SLPI expression.
In our study, we observed elevated STAT1 mRNA and protein expression at baseline in NECs from smokers (Fig. 4) . Although we could not examine phosphorylated (activated) STAT1 in NECs from nonsmokers or smokers at baseline (data not shown), we believe that that downstream SLPI activation is indicative of STAT1 activity. We speculate that increased baseline STAT1 expression is independent of external type I or type II IFN stimuli, the primary inducers for STAT1, because it has been shown that smokers have decreased levels of type I and type II IFN, and epithelial cells are not a major source for type II IFN (12) . As such, we hypothesize that STAT1 may be regulated by cigarette smoke-induced modifications to the epithelium. We have previously shown that epigenetic modifications regulate expression of genes in NECs from smokers. More specifically, we demonstrated that STAT6, a mediator involved in STAT signaling, is hypomethylated and expressed at higher levels in NECs from smokers (22, 39) .
It is also possible that increased STAT1 may act as a compensatory protective mechanism in the epithelium. It has been previously reported that STAT1 acts as a tumor suppressor in a variety of capacities (21) . The antitumor role of STAT1 is further supported by the report that STAT1 activation is repressed by micro-RNAs in cancer cells (17) . Finally, it has been previously shown that STAT1 is protective in pulmonary fibrogenesis after bleomycin treatment in mice (51) . Thus by upregulating SLPI expression, STAT1 may serve as a compensatory mediator to ameliorate the damaging effects of cigarette smoke. Together, these studies may suggest that there are alternative mechanisms and functions that regulate STAT1 activation.
The link between cigarette smoke and STAT1 activation is unclear, and various studies have provided conflicting data as to the mechanisms for STAT1 activation in the context of cigarette smoke exposure. Although elevated STAT1 has not been reported in NECs from smokers, STAT1 levels are correlated with COPD diagnosis, and downstream STAT1-dependent genes such as NOS2 are induced in smokers (4, 10) . Additionally, studies performed in bronchial epithelial cell lines have shown that pretreatment with cigarette smoke extract (CSE) reduces STAT1 activation, whereas other studies report that CSE treatment increased STAT1 activation (13, 37) .
It should be noted that for these studies, the acute effects of CSE rather than the chronic effects of cigarette smoking on the respiratory epithelium after multiple years, or possible decades, of smoking, were examined. Moreover, various groups have reported that nicotine enhances STAT1 activation, and because nicotine is a main component of cigarettes, this may be an alternative explanation for increased STAT1 levels in smokers (3, 27) . Additionally, it has been shown that STAT1 is strongly induced by reactive oxygen species (ROS) such as H 2 O 2 . This could alternatively explain a mechanism for ROS-dependent STAT1 induction because H 2 O is generated after cigarette smoke exposure (2) . Taken together, these data may indicate that elevated baseline STAT1 may serve as a response to chronic oxidative stress (Figs. 2 and 3) .
Although we detail the intracellular mechanism for SLPI regulation, we maintain that testing the extracellular functional activity of SLPI is important because patients with COPD with secondary bacterial infection or cystic fibrosis have increased levels of cleaved SLPI, which has been speculated as a main mechanism for inactivation of SLPI (1, 6, 29, 52) . Extracellular SLPI can be cleaved by respiratory proteases such as cathepsin L, matrix metalloproteinase 12 (MMP12), and NE, and can serve as a biomarker for airway disease (5, 6, 30, 40, 46) . It has been shown that cathepsins and MMPs are induced in smokers as well as in chronic cigarette smoke exposure models (9, 28) . Additionally, alternatively processed SLPI has been shown to induce interleukin-8 and to recruit neutrophils, leading to enhanced pathophysiology associated with smoking (34) . Because increased protease levels and activity are associated with smoking, this could explain the phenomenon of decreased SLPI activity in smokers (1, 28, 53) . However, we show that although extracellular SLPI is cleaved, the functional activity against NE of SLPI is maintained in smokers (Figs. 5 and 6 ).
Although the major role of SLPI is to inhibit the activity of NE, additional functions of SLPI are being discovered. For example, SLPI exerts cellular anti-inflammatory effects by preventing the degradation of regulatory components of the NF-B pathway, such as IB␣ and IB␤ (16) . SLPI further suppresses inflammation by directly competing for NF-B binding sites in the promoter regions of proinflammatory cytokines such as interleukin-8 and tumor necrosis factor-␣ (44, 45) . SLPI is also protective in the context of fungal, bacterial, and viral infections (24, 31, 38, 42, 50) . In the context of the respiratory mucosa, SLPI has been shown to prevent the proposed proteases in influenza A virus (IAV) activation and infection, demonstrating another alternative action of SLPI (7, 25) . Thus although the anti-NE activity of SLPI is elevated in smokers, secreted SLPI levels in smokers may be altered and nonfunctional in the context of inflammation or infection. This is an important area of study considering that cigarette smoking results in proinflammatory events and impairs anti-IAV response both in vitro and in vivo (20, 22, 36) .
Each year, cigarette smoking results in significant loss due to healthcare and associated costs (11) . We and others have shown that cigarette smoking modifies mucosal host defense, yet the specific mechanisms mediating this effect remain unclear (19, 20, 22, 36) . A hallmark of cigarette smoking is a shift in the protease/antiprotease balance in favor of protease expression and activity (1, 28, 53) . Although it has been previously reported that smokers and patients with COPD have increased SLPI secreted levels, we believe this study is the first Fig. 6 . SLPI activity against NE in nasal lavage fluid (NLF). NE was incubated with NLF from NS and SM for 20 min. After incubation, NE-specific chromogenic substrate was added and absorbance was measured. Data were normalized to the activity of no inhibitor and expressed as percent activity. n ϭ 7 NS and SM. *P Յ 0.05.
to detail the mechanisms regulating SLPI transcription and to characterize the extracellular activity of SLPI in respiratory epithelial cells from smokers (23, 29) . We demonstrate that STAT1 regulates SLPI transcriptional activation, and that although extracellular SLPI is cleaved in smokers, the functional activity of SLPI against NE is maintained in smokers. Because the canonical SLPI cleavage site occurs within an anti-NE active site and anti-NE activity was maintained in smokers, we predict that an alternative cleavage site exists within the SLPI protein. On the basis of our data and previous reports, these alternative cleavage products could dramatically affect the alternative functions of SLPI (18, 46) . Detailing alternative extracellular processing and alternative activity of SLPI could be of extreme importance, because SLPI possesses anti-inflammatory, antibacterial, antifungal, and antiviral properties. Finally, because the protease/antiprotease balance is found in a variety of organs, understanding the regulation and activity of SLPI could have significant implications beyond the respiratory mucosa.
